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Abstract The Indonesian Archipelago accommodates the largest mangrove area in Southeast Asia and
possesses the world's richest composition of mangrove species. The archipelago comprises areas of the
biogeographic regions Sunda and Wallacea, separated by Wallace's line. Here, we used the true mangrove
species Lumnitzera littorea and Lumnitzera racemosa as a study case for understanding the effects of
phylogeographic history, sea surface currents, and geographical distance on genetic diversity and genetic
structure. We sampled 14 populations of L. littorea (N = 106) and 21 populations of L. racemosa (N = 152) from
Indonesia and used 3122 and 3048 SNP loci, respectively, genotyped using the ddRADseq approach. We
assessed genetic diversity, genetic structure, and effective dispersal of the populations and related them to
geographical distance and sea surface currents. Our study revealed low levels of genetic variation at the
population level in Lumnitzera. Pronounced genetic differentiation between populations indicated two
phylogroups in both species. While in L. littorea the two phylogroups were largely separated by Wallace's line,
L. racemosa showed a northwest vs. southeast pattern with strong mixture in Wallacea. Our findings provide
novel insights into the phylogeography of the mangrove genus Lumnitzera and the role of sea surface currents
in the Indonesian Archipelago.

Key words: ddRADseq, genetic diversity, genetic structure, Indonesian Archipelago, isolation by distance, Lumnitzera racemosa,
Lumnitzera littorea, sea surface currents.

1 Introduction
Mangroves are a diverse group of woody plants tolerant of
saline water and under tidal influence in tropical and
subtropical estuaries (Spalding et al., 1997; Kathiresan &
Bingham, 2001; Giesen et al., 2007; Tomlinson, 2016; Saenger
et al., 2019). They are part of the most productive
ecosystems on Earth (Giri et al., 2011; López‐Angarita et al.,

2018), providing essential resources for human populations
(Giri et al., 2015; Romañach et al., 2018). Increasing human
pressure has led to an exploitation of mangrove biodiversity
(Rands et al., 2010) and species loss (Worm et al., 2006).
According to the IUCN Red List, 11 out of 75 true mangrove
species are currently threatened with extinction (Polidoro
et al., 2010). Land clearing for agriculture, collection of
firewood, and shrimp farming have been primary forces of
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mangrove destruction (Thu & Populus, 2007; Polidoro et al.,
2010). In addition, unimpeded pollutants, including heavy
metals from industrial activities, have severely threatened
mangrove ecosystems over the past few decades (Sandilyan
& Kathiresan, 2014). Moreover, sea‐level rise due to global
climate change may become a major threat for these
ecosystems in the future (Gilman et al., 2008; Giri et al.,
2011; Veettil et al., 2019; Cinco‐Castro & Herrera‐Silveira, 2020;
Mafi‐Gholami et al., 2020).
The Indonesian Archipelago comprises more than 17 500

islands and harbors 60% of the Southeast Asian mangrove
area (Giesen et al., 2007), constituting 22.6% of the global
area covered by mangroves (Giri et al., 2011). The archipelago
accommodates 45 true mangrove species (Spalding, 2010). In
his paper, Duke (1995) summarized that the Indo‐Malesian
coasts are the center of mangrove diversity where most
mangrove species are endemic to this area. Therefore, the
region of Indonesia is ideal to study the evolution and
biodiversity of mangroves. After Alfred Russel Wallace's
explorations to Indonesia in the 19th century, the historical
biogeography of the region has increasingly attracted
biologists' attention. Various studies conducted during the
past two decades have shed light on the floristic diversity
and underlying causes within Indonesia and beyond (e.g.,
Hall, 2009; Van Welzen et al., 2011; Morley, 2012; Richardson
et al., 2012; De Bruyn et al., 2014; Joyce et al., 2021). Among
the observed barriers for dispersal across the Indo‐Australian
Archipelago, Wallace's line especially has received prominent
consideration. Originally defined by the faunal discontinuity
across the Indo‐Australian Archipelago (Wallace, 1860, 1863),
resulting from deep sea conditions without any land
connections between West and East throughout geological
history, studies have also shown that some plant families and
genera are restricted to either one or the other side of
Wallace's line (Richardson et al., 2012). Wallacea, defined as
the area located between Wallace's line in the West and
Lydekker's line to the East, however, has been found to act
as an important transition zone for both Laurasian and
Gondwanan plant lineages in both directions, rather than
acting as a barrier (e.g., Turner et al., 2001; Morley, 2003;
Muellner et al., 2008; Van Welzen & Slik, 2009; Crayn et al.,
2015). In terms of phylogeography, Wallacea is of interest, as
during the last glacial period (ca. 115 kya), islands such as
Sumatra, Borneo, Java, and Bali, which are located on the
Sunda shelf, were connected to the Asian mainland in
the West, and islands on the Sahul shelf were connected to
the Australian mainland in the East. Sea levels at times (Last
Glacial Maximum) were about 120 m lower than today,
forming land bridges in the present shelf seas, affecting
today's patterns of plant diversity (Woodruff, 2010). The
islands of Wallacea were never connected to the mainland on
either Sunda or Sahul, and thus could only be colonized by
dispersal across the ocean. While the impact of dispersal
barriers and corridors related to Wallacea has, to date,
mostly concentrated on the investigation of terrestrial
plants, the potential influence on mangroves still warrants
further attention.
Unlike terrestrial floras, the life cycle of mangroves is

mainly linked to seawater, including the distribution of
their buoyant propagules (Nettel & Dodd, 2007). There-
fore, the presence of land and oceanic barriers to their

dispersal has been suggested as extrinsic factor deter-
mining their distribution and affecting their evolution
(Duke, 2017). Recently, He et al. (2019) reported that
speciation with gene flow between the Pacific and the
Indian Ocean was driven by repeated cycles of
mixing–isolation–mixing through the periodical opening
and closing of the Malacca strait during the Pleistocene.
Since then, the Indonesian seas have played an essential
role as channels between the Pacific and the Indian Ocean
through the Indonesian Throughflow (ITF) (Gordon, 2005;
Fallon & Guilderson, 2008; Sprintall et al., 2019). Molecular
studies revealed that sea currents of the ITF shape the
genetic structure of various marine organisms in the Indo‐
West Pacific (IWP), such as coral reef species (Barber et al.,
2002, 2006; Otwoma & Kochzius, 2016) and tropical marine
snail (abalone) species (Imron et al., 2007). The ITF may
also facilitate genetic exchange in several mangrove taxa
within the IWP and between the Indian and the Pacific
Ocean (Li et al., 2016; Guo et al., 2018a, 2021). Recently, a
study by Guo et al. (2021) revealed a deep genetic split in
each of the two ecologically important Lumnitzera
mangrove species distributed in the IWP. However,
phylogeographic patterns differed between species, with
the split being located more eastward in Lumnitzera
littorea (Jack) Voigt and more westward in Lumnitzera
racemosa Willd. In addition, strongly differentiated sub-
groups in both species indicated a complex system of gene
flow and genetic barriers. Moreover, while Guo et al. (2021)
shed light on the large‐scale patterns, the Indonesian
Archipelago, including Wallacea, with its many islands and
complex seawater currents, was not well covered and thus
deserves further study.
The investigation of genetic variation and the role of

geographic distance and sea surface currents in shaping
mangrove genetic patterns specifically in the Indonesian
Archipelago requires the choice of a well‐suited model group,
for which good baseline data on biology and distribution
should ideally be available. In this study, we therefore used
L. littorea and L. racemosa, the only two extant species
belonging to the genus. Both species occur on the landward
side of estuaries (Tomlinson, 2016). Lumnitzera littorea is
distributed from the Pacific Ocean (the Marshall Islands and
Tonga) to India, while L. racemosa can be found from Indo‐
Australia to East Africa (Tomlinson, 2016). Both, L. littorea
and L. racemosa, constitute a dominant component of
mangrove vegetation in the IWP (Tomlinson, 2016), including
the Indonesian Archipelago (Manurung et al., 2021). In
addition, because both species often occur parapatrically,
hybridization appears to be rare, which eases biogeographic
analysis. Besides their ecological importance, both species
are of interest owing to their wealth of natural products,
some of which constitute potential sources for medicinal
applications (Manurung et al., 2021). All of these factors
emphasize that the genus is not only of interest for basic
population genetic research, but also of high importance for
the Indonesian population and conservation of natural
resources, making it an ideal study group.
Specifically, here, we test three hypotheses: First, we test

whether a biogeographic separation of Sunda and Wallacea
is reflected in a West–East intraspecific genetic structure of
both species when a dense and thus representative sampling

300 Manurung et al.
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across Indonesia is included. Guo et al. (2021) previously
found a West–East genetic break in both species, but located
in different areas (land barrier effect of the Malay Peninsula
in L. racemosa; more eastward break in L. littorea). Second,
since strong genetic structure due to present oceanic
barriers has previously been reported in several mangrove
taxa in the IWP (e.g., Wee et al., 2014, 2017; Yahya et al.,
2014), we hypothesize a spatial pattern of genetic structure
of both species reflecting the presence of contemporary sea
surface currents. On the one hand, sea surface currents act
as dispersal vectors, connecting populations (Van der
Stocken et al., 2019). On the other hand, sea currents may
act as barriers (Waters, 2008), for example, through the ITF.
Third, we hypothesize to find support for a fine‐scale
isolation‐by‐distance (IBD) pattern across Indonesia, in line
with the findings obtained by Guo et al. (2021) on a coarser
scale across the IWP. Some mangroves have short‐distance
propagule dispersal ability that is limited within the same or
nearby populations, while others are capable of long‐
distance dispersal (LDD) (Duke et al., 2002; Van der Stocken
& Menemenlis, 2017). Geographical distance, sea current
magnitude, and direction may play a role in gene flow and
gene exchange between mangrove populations. The less
isolated and the more connected a population is to the
others, the higher the gene flow and genetic exchange will
be between populations (Yahya et al., 2014). If LDD is
common in L. littorea and L. racemosa across the Indonesian
Archipelago, we expect to see no genetic differentiation
across the sampled range, despite distance and habitat
discontinuity between populations. If dispersal is limited
merely by geographical distance, we would expect to see a
pattern of broadscale IBD across the archipelago. By
combining analyses of genome‐wide variation with spatial
distance and surface ocean connectivity analyses, here, we
aim to further advance the understanding of patterns and
processes in mangrove phylogeography across the Indone-
sian Archipelago.

2 Material and Methods
2.1 Study species
Lumnitzera (Combretaceae) consists of two non‐viviparous
mangrove species, Lumnitzera littorea and Lumnitzera
racemosa, which occur throughout the Indonesian Archipe-
lago; both species often occur parapatrically. Even if they co‐
occur, hybridization seems to be very rare, producing the
sterile hybrid L. × rosea that has only been reported from
particular locations in Queensland, Australia (Tomlinson
et al., 1978), and Thailand (Guo et al., 2011). It was not
found across the sampled regions in this study. Both species
are self‐compatible and superficially similar in vegetative
morphology. The species differ in their flowers, axillary and
white in L. racemosa, terminal and red in L. littorea
(Tomlinson et al., 1978; Tomlinson, 2016). Lumnitzera littorea
is mainly pollinated by birds, and rarely by bees and wasps.
In contrast, L. racemosa is pollinated by day‐active wasps,
bees, butterflies, and moths (Solomon Raju et al., 2014,
Tomlinson, 2016). Flowering of the two species occurs
throughout the year, but the peak times differ across
Indonesia (J.M personal observation, but see Tomlinson

et al., 1978). Even though mature propagules of both species
are often available throughout the year in Indonesia, low
regeneration potential was observed in L. littorea due to the
absence of embryos in mature seeds caused by insect
predation and the physiological dormancy of the seed
(Tomlinson, 2016; Perera et al., 2019). In L. racemosa, natural
regeneration is also low, suggested by the abortion of
embryos or predation by small grubs (Solomon Raju et al.,
2014). Moreover, salinity sensitivity reduces dispersion and
seedling establishment (Solomon Raju et al., 2014; Wang
et al., 2019).

2.2 Sample collection and DNA isolation
We sampled 14 populations of L. littorea and 21 populations
of L. racemosa across the Indonesian Archipelago (see
Table 1). Fresh leaves were collected, dried, and stored in
silica gel until DNA extraction. A minimum distance of 20 m
was maintained between sampled individuals to prevent
sampling of consanguineous individuals (except for pop-
ulations with fewer than ten individuals, where material from
all individuals was collected; see Table 1). Total genomic DNA
was isolated from 20mg of leaf tissue using the NucleoSpin
Plant II Kit (Macherey‐Nagel, Germany), with minor mod-
ifications (using PL2 and adding 20 µL of mercaptoethanol
and 2% Polyvinylpyrrolidone [PVP]). Up to 40 ng/µL DNA
concentration was quantified using a Qubit® 3.0 Fluorometer
(Thermo Fisher Scientific, USA), and DNA quality was
checked on a 1% agarose gel. Voucher specimens were
deposited at Herbarium Bogoriense (BO), Indonesian
Institute of Science (LIPI), in Cibinong, Indonesia. Detailed
information on the voucher specimens is provided in Table 1.

2.3 Library construction, sequencing, and bioinformatics
We prepared ddRAD libraries following Peterson et al. (2012),
with minor modifications, using EcoRI and Mspl restriction
enzymes. In total, 258 individual samples for both L. littorea
(106 individuals from 14 populations) and L. racemosa (152
individuals from 21 populations) were sequenced in six
ddRAD libraries. Paired‐end (PE) sequencing was performed
in a single run on an Illumina HiSeq 2000 Sequencing System
using two lanes. Overall, we generated 469 798 646
sequences, 459 592 004 of which were of high quality and
contained barcodes and RAD cut sites. Raw sequence data
have been deposited in the European Nucleotide Archive
(ENA) under accession number PRJEB47827 (https://www.
ebi.ac.uk/ena/browser/view/PRJEB47827).
We used process_radtags from the Stacks 2.0 pipeline

(Rochette et al., 2019) to demultiplex reads. The median
number of reads retained per sample was 1 267 282
(Table S1). Subsequently, we used dDocent 2.7.8 (Puritz
et al., 2014) to assemble reads and call SNPs first from both
species combined and second, for each single species. We set
the clustering similarity to 0.88, the minimum within
individual coverage level to include a read for assembly
(K1) to 5; the minimum number of individuals a read must be
present to be included in the assembly (K2) to 6, and default
values for all other parameters. We identified 230 355 (L.
littorea) and 372 386 (L. racemosa) raw SNPs and filtered
these following O'Leary et al. (2018). First, we used
vcfallelicprimitives from the library vcflib v. 1.0.0 (Garrison
et al., 2021) and vcftools v. 0.1.16 to remove indels. We kept

301Population genomics of Lumnitzera
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only biallelic SNPs with a minimum allele count (mac) of 3, a
minimum genotype read depth (minDP) of 3, a minimum
mean sequence quality (minQ) of 30, maximum missingness
across individuals (max_missing) of 50%, and skipping
individuals with >75% missing values (imiss). Subsequently,
using vcffilter from vcflib 1.0.0, we filtered SNPs according to
allele balance (AB> 0.2 and AB< 0.8 | AB< 0.01 | AB> 0.99),
strandedness (SAF/SAR> 100 and SRF/SRR> 100 | SAR/
SAF> 100 and SRR/SRF> 100), mapping quality ratio of the
two alleles (MQM/MQMR> 0.9 and MQM/MQMR< 1.05),
and properly pairing alleles (PAIRED> 0.05 and PAIREDR>
0.05 and PAIREDR/PAIRED< 1.75 and PAIREDR/PAIRED> 0.25
| PAIRED< 0.05 and PAIREDR< 0.05). We then filtered SNPs
to maximum missingness of 33% (max_missing 0.66), the
minimum minor allele frequency of 0.05, the minimum mean
read depth of 20, and a maximum mean depth of 1000. In the
end, we retained only one single SNP per contig. After
importing into R (R Core Team, 2020), we further filtered
SNPs and samples in two steps to final maximum missingness
of 20% using gl.filter.callrate from the dartR package version
1.9.9.1 (Gruber et al., 2017). The final data sets consisted of
106 samples of L. littorea, genotyped at 3122 biallelic SNP loci
(1.62% missing data), and 152 samples of L. racemosa,
genotyped at 3048 biallelic SNP loci (2.93% missing data). If
not otherwise stated, analyses were performed on the single
species data sets. The data set resulting from genotyping
both species together, allowing analyses including both
species, had 255 samples and 2922 SNP loci (3.91% missing
data). The number of samples retained per population
ranged from 6 to 10 individuals for L. littorea and from 5 to
9 individuals for L. racemosa.

2.4 Genetic diversity, population structure, and
differentiation
We assessed genetic diversity at the population level as
mean expected (He) and observed (Ho) heterozygosity and as
inbreeding coefficient (FIS), using the function basic.stats
from the hierfstat package (v.0.5‐7; Goudet, 2005). Hetero-
zygote deficiency was assessed at P< 0.05 for deviation from
Hardy–Weinberg Equilibrium. We calculated the number of
private alleles per population, that is, the number of alleles
observed only in this population, using the function
gl.report.pa from the DartR package.
Population structure was analyzed using different ap-

proaches. First, we illustrated the relationships among
samples by a principal component analysis (PCA) using the
function glPca from package adegenet (v.2.1.3; Jombart et al.,
2020). PCA was run with a combined data set and for each
species separately. Second, we performed a discriminant
analysis of principal components (DAPCs) to infer the genetic
structure (Jombart et al., 2010). To assess how many clusters
usefully describe the data, we ran DAPC for K= 1 to the
number of populations. We retained all PCs in both species.
We used the “elbow” method to assess the model quality
and reasonable values of K. Third, we used an admixture
model as implemented in ADMIXTURE (Alexander et al.,
2009). We used a cross‐validation procedure (10‐fold) to
choose adequate values of K. We aligned cluster identities
among different K values using the CLUMPAK web server
(Kopelman et al., 2015).

We also ran an analysis of molecular variance (AMOVA)
using 100 permutations, discarding loci with >5% missing data
using the AMOVA implementation of the package ade4 (Dray
& Dufour, 2007) within package poppr (Kamvar et al., 2015).
Nonhierarchical and hierarchical AMOVAs were run to
quantify the genetic differentiation among populations and
population groups as suggested by cluster analyses.

2.5 Identifying barriers and areas of connectivity
We visualized areas of genetic connectivity and barriers using
effective migration and diversity surfaces in the EEMS
program (v.0.0.0.9000; Petkova et al., 2016). To identify
geographic areas where genetic similarity is higher than
expected by the IBD paradigm (i.e., connectivity), and
conversely also areas where genetic dissimilarity is higher
than expected (i.e., barriers), EEMS uses spatial and SNP data
without environmental and topographic information. We
converted filtered VCF files into PLINK format (.bed files,
Purcell et al., 2007) and used the BED2DIFFS program within
EEMS to calculate dissimilarity matrices. We ran EEMS
separately for each species. Based on the size of the habitat
and the number of demes required to fill that habitat, we
defined a deme size (the density of populations) of 500 using
the SNP version of EEMS. We ran two independent MCMC
chains, each with a length of 1 000 000 generations with a
burnin of 10 000. We combined results from the two MCMC
chains after checking for convergence of log likelihoods
using the EEMS plotting (rEEMSplot) package.

2.6 Isolation by distance and sea surface current
connectivity
We tested for IBD using Mantel tests. We calculated pairwise
(FST) values among sampling localities using StAMPP version
1.6.1 (Pembleton et al., 2013). Because seeds are dispersed by
water, instead of using the Euclidean distance between
locations, we used Distance Over Water (DOW) and Most
Probable Surface Ocean Connectivity (MPSOC) based on
recent sea surface current data. For DOW, we used a raster
map with ~1 km2 grid size (https://www.naturalearthdata.
com/) and calculated pairwise DOW between sampling sites
with the function gridDistance, omitting land grid cells, using
the R packages raster (Hijmans & Van Etten, 2015) and
fasterize (Ross, 2020). MPSOC was estimated by seeding
virtual surface‐bound particles in existing velocity fields from
the Copernicus MyOcean 1/12° data‐assimilated Ocean
Circulation model (Lellouche et al., 2018). Particles were
seeded daily for 15 days each month of 2015 and advected for
90 days using the TRACMASS off‐line lagrangian particle
package (Döös et al., 2017). Relative probabilities for particles
to move from one study site to another in either direction
were calculated by counting the number of particles starting
within a 50 km zone from each study site that reached the
regions within a 50 km radius from all other study sites. The
50 km zone was selected to address any potential limitations
by the ocean model to resolve near‐shore processes. The
resulting ocean distances are presented as a probability
connectivity matrix.
The directional connectivities of each pair of populations

were summed up and zero values within the matrix were
arbitrarily set to 0.000001, thus more than one order of
magnitude lower than the lowest observed value (0.000025),
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to have a full matrix. We used Mantel tests for FST as a
function of log10 (DOW) and of the inverse of connectivity
(−log10 (MPSOC)) with 1000 permutations. For each species,
in addition to a global analysis including all populations, we
performed tests separately for two subgroups of populations
after classifying them into clusters (Cl1, Cl2) according to
their population‐level membership proportions at K= 2. In
addition, we sought to determine whether isolation was also
detected using isolation by Wallace's line. We divided
populations into two main groups in each species, east and
west of Wallace's line. Pairs of populations separated by the
line were coded 1; pairs of populations on the same side of
the line were coded 0.

3 Results
3.1 Genetic diversity
Based on our comparative analyses of biallelic SNPs'
diversity, we observed that both species had high and
similar levels of genetic variation at the species level
(HT = 0.423 and 0.432 for Lumnitzera littorea and Lumnitzera
racemosa, respectively). Together with low levels of genetic
variation at the population level (HS = 0.150 and 0.144), this
pattern indicated overall pronounced population differ-
entiation (FST = 0.645 and 0.666). Descriptors of genetic

diversity at the population level differed considerably
among populations (Table 1), but did not differ between
species (mean He= 0.149 and 0.147, P = 0.956; Ho = 0.158
and 0.101; FIS=−0.166, P= 0.128 and 0.027, P = 0.061). In
both species, a few populations showed particularly high
levels of diversity (He > 0.4), while the majority had
lower levels (He < 0.2). In both species, very few private
alleles were observed at the population level (Table 1). In
L. littorea, the number of private alleles ranged between 0
and 5. These alleles occurred randomly in the populations
throughout the archipelago. Surprisingly, there are only two
populations of L. racemosa with one private allele each.
These two populations are from the Southeast of Sulawesi
and from Ternate Island.

3.2 Population structure and differentiation
We display the general genetic relationships among samples
using PCA. Since L. littorea and L. racemosa are sister species
and sometimes co‐occur, we first looked at the general
pattern of the data using the combined data set of both
species. Using this combined data set, the PCA shows a clear
differentiation between L. littorea and L. racemosa individuals
(Fig. 1). Separate PCAs of the species revealed significant
population structure in both L. littorea and L. racemosa, with
most of the genetic structure being captured by the first PC

Fig. 1. Principal component analysis of Lumnitzera littorea (red–yellow color space) and Lumnitzera racemosa (green–blue
color space) from Indonesia combined, and for L. littorea and L. racemosa separately. The numbers represent population IDs
(see Table 1). The plots in the inset in the upper panel show eigenvalues of the first 10 principal component analysis (PCA) axes.
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in L. littorea and L. racemosa. The first PCA axes had very high
eigenvalues in both species compared to higher axes,
indicating a pronounced hierarchical structure.
The analysis of population structure with ADMIXTURE did

not reveal a definitive number of clusters. In both species,
the cross‐validation error strongly decreased at K= 2, with a
minor further decrease and minima at K= 6 for L. littorea and
K= 7 for L. racemosa (Fig. S1). Thus, in both species, a
divergence at K= 2 was the most prominent, grouping the
populations into two phylogroups. However, we consider
K= 3 for L. littorea and K= 5 in L. racemosa further
biologically plausible groupings (see Figs. 2, S2–S5 for higher
values of K). In L. littorea, at K= 2, individuals belonging to

the red, western cluster occur from western Indonesia to the
North and Southeast of Sulawesi (Fig. S4). In contrast,
individuals of the yellow, eastern cluster are confined to the
eastern part of the Indonesian Archipelago (central Sulawesi
and the Moluccas). On Sulawesi, both clusters occur as pure
or admixed populations. At K= 3, the red western cluster is
further separated into a southern group (pink), comprising
all populations along the Indian Ocean, and a northern
group, occurring along the Sumatran coastline as well as on
Borneo and on Sulawesi (Fig. 2).
In Lumnitzera racemosa at K= 2, a northern phylogroup

(brown cluster) ranges from the northern coast of Sumatra
to Borneo, Sulawesi, and the Moluccas. A south‐eastern

Fig. 2. ADMIXTURE analysis for K= 2 (A) and K= 3 (B) for 106 individuals of Lumnitzera littorea, and K= 2 (D) and K= 5 (E) for
152 individuals of Lumnitzera racemosa. Each color represents the proportion of the membership of a particular cluster. Maps
show population‐level membership proportions for L. littorea (K= 3, C) and L. racemosa (K= 5, F). Maps were created using
Natural Earth Data (www.naturalearth.com).
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phylogroup (green cluster) ranges from Java over the Lesser
Sunda Islands to southern Sulawesi and Moluccas. Four of
five populations located north‐east in the Banda sea
harbored a mixture of both clusters, e.g. on Peleng Island
and the Moluccas. Interestingly, no admixed populations
were found around the Flores Sea and the Lesser Sunda
Islands (Fig. S5). At K= 5, both main clusters were further
subdivided (Fig. 2). The northern cluster was separated into
two subclusters without a clear geographic pattern. The
south‐eastern cluster was divided into three subclusters, a
widespread cluster (light green), a cluster mainly distributed
in the Lesser Sunda Islands (dark green), and a cluster (blue)
restricted to Ternate Island in the north Banda Sea.
Similar to ADMIXTURE, the population structure analysis

with DAPC did not identify a definitive number of clusters as
BIC values decreased strongly up to K= 3, indicating the
presence of at least three clusters in each species, but
without a pronounced minimum and elbow in the curve
(Fig. S1). Thus, no particular single optimal K value can be
identified. Nonetheless, both DAPC and ADMIXTURE analyses
show identical patterns, with a strong hierarchical clustering
at K= 2 (see Figs. S2, S3).
We quantified genetic differentiation with non‐

hierarchical and hierarchical AMOVAs (Tables 2, 3). In
the non‐hierarchical analysis, variation between popula-
tions accounted for 65.5% and 69.6% in L. littorea and L.
racemosa, respectively. In the hierarchical analysis, we
compared the clustering proposed by ADMIXTURE at
K = 2 to a grouping based on distribution on either Sunda
or in Wallacea. In L. littorea, the clustering at K = 2
explained a very high proportion of variance (72.7%) and
also the Sunda–Wallacea grouping had a strong explan-
atory power (49.2%). In contrast, the clustering at K = 2 in
L. racemosa explained a similarly large proportion of
variation (77.4%), but the Sunda–Wallacea separation had
no significant effect, accounting only for a negligible
proportion of variation (8.2%, P = 0.17). The different role
of Wallace's line for the two species is also corroborated
by Mantel tests of the effect of Wallace's line on genetic

differentiation, which was stronger in L. littorea
(r = 0.519, P = 0.003) than in L. racemosa (r = 0.163,
P = 0.053) (Fig. S6).

3.3 Effective migration
Posterior means of effective migration rates were calculated
for both species (Fig. 3). The maps show the effective
migration surfaces of the species across the Indonesian
Archipelago, with orange colors representing areas where
effective migration is lower than expected, given geographic
distance, whereas blue colors represent areas where
effective migration is higher than expected, given geographic
distance. For L. littorea, Sulawesi is a barrier separating the
eastern and western populations (with another less strong
barrier running through the Java Sea separating populations
North–South). Similarly, for L. racemosa, the same barrier
around Sulawesi was found, extending across the channel to
Borneo and through the Java Sea, reinforcing a North–South
structure in L. racemosa.

3.4 Isolation by distance and sea surface current
connectivity
We detected a significant effect of both DOW (Figs. 4A, 4B)
and sea current connectivity (Figs. 4C, 4D) on genetic
differentiation in L. littorea and L. racemosa (Tables S2, S3).
While the overall analysis showed a significant correlation
between FST and geographical distance, an inspection of the
data showed an enormous scatter of FST values that do not
follow a classical IBD relationship. Instead, extremely high FST
values (~0.9), representing the distance between the major
clusters, were observed at distances >800 km, indicating
that in both species the two major clusters represent
somehow independent entities. Separate analyses within
the two major clusters revealed much lower FST values and
closer IBD relationships, in particular, in L. racemosa. In L.
littorea, however, only the larger red cluster showed a
significant IBD pattern, likely due to the low sample size of
the yellow cluster. Use of sea surface currents instead of
DOW as a predictor of genetic differentiation revealed similar

Table 2 Non‐hierarchical and hierarchical analyses of molecular variance of Lumnitzera littorea

Level Df Sum sq Mean sq % Var Phi P‐value

Non‐hierarchical
Between populations 13 16 3093.9 12 545.7 65.5 0.65 0.01
Between samples within pop 92 36 111.6 392.5 −2.5 −0.07 0.89
Within samples 106 48 084.5 453.6 37.0 0.63 0.01
Total 211 247 290.1 1172.0 100 ‐ ‐
Grouping factor K= 2
Between admixture K2 1 129 552.2 129 552.1 72.7 0.73 0.01
Between populations within admix K2 12 33 541.9 2795.2 7.5 0.27 0.01
Between samples within populations 92 36 111.7 392.5 −1.4 −0.07 0.88
Within samples 106 48 084.5 453.6 21.4 0.79 0.01
Total 211 247 290.1 1172.0 100 ‐ ‐
Grouping factor Sunda–Wallacea
Between Sunda–Wallacea 1 87 516.1 87 516.1 49.2 0.49 0.01
Between populations within Sunda–Wallacea 12 75 577.8 6298.1 24.4 0.48 0.01
Between samples within populations 92 36 111.7 392.5 −2.0 −0.07 0.88
Within samples 106 48 084.5 453.6 28.3 0.72 0.01
Total 211 247 290.2 1172.0 100 ‐ ‐
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Table 3 Non‐hierarchical and hierarchical analyses of molecular variance of Lumnitzera racemosa

Level Df Sum sq Mean sq % Var Phi P‐value

Non‐hierarchical
Between populations 20 226 280.1 11 314.0 69.6 0.70 0.01
Between samples within populations 131 53 600.6 409.2 7.5 0.24 0.01
Within samples 152 37 692.8 248.0 23.9 0.78 0.01
Total 303 317 573.5 1048.1 100 ‐ ‐
Grouping factor K= 2
Between admixture K2 1 192 308.9 192 308.8 77.4 0.77 0.01
Between populations within admixture K2 19 33 971.2 1788.0 5.8 0.22 0.01
Between samples within populations 131 53 600.6 409.2 4.3 0.24 0.01
Within samples 152 37 692.8 248.0 13.2 0.87 0.01
Total 303 317 573.5 1048.1 100 ‐ ‐
Grouping factor Sunda–Wallacea
Between Sunda–Wallacea 1 22 843.8 22 843.8 8.2 0.08 0.17
Between populations within Sunda–Wallacea 19 203 436.3 10 707.2 62.8 0.68 0.01
Between samples within populations 131 53 600.6 409.2 7.1 0.24 0.03
Within samples 152 37 692.8 248.0 21.8 0.78 0.01
Total 303 317 573.5 1048.1 100 ‐ ‐

Fig. 3. Maps representing posterior means of effective migration rates m (on the log 10 scale) for Lumnitzera littorea (A) and
Lumnitzera racemosa (B). The size of the dots represents the number of samples merged into a locality. Gradients of
connectivity are defined based on the geo‐referenced ddRAD samples, showing places where effective migration is lower
(orange colors= barriers) or higher (blue colors= connectivity) than expected, given geographic distance. Maps were created
using Natural Earth Data (www.naturalearth.com).
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results (Figs. 4C, 4D), with overall significant correlations in
both species, and significant relationships within clusters
only for L. racemosa, but not for L. littorea. Since sea surface
currents are correlated to geographic DOW (r= 0.311,
P= 0.001), a partial Mantel test was performed, which
indicated that, after accounting for the effect of geographic
distance, sea surface currents do not have a significant
independent contribution on FST, except for a marginally
significant effect in the overall analysis in L. racemosa (see
Figs. 4B, 4D).

4 Discussion
4.1 The “genetic diversity paradox” of mangroves
Patterns of genetic variation within populations and its
driving forces are well established (Hamrick & Godt, 1996).
Highest values of genetic variation at the population level are
generally found in long‐lived woody species compared to

other life forms (Schierenbeck, 2017). In contrast, true
mangroves typically show low levels of variation, which has
been established in many species of different families and
across old and new world mangroves (e.g., Kado et al., 2004;
Su et al., 2007; Pil et al., 2011; Cerón‐Souza et al., 2012; Huang
et al., 2012; Urashi et al., 2013; Yan et al., 2016). Thus, we may
formulate a “genetic diversity paradox” of mangroves,
because they are long‐lived woody plants with large
geographic ranges, but generally show low diversity at the
population level. The two species of Lumnitzera in our study
corroborate this pattern in that the large majority of
populations had low levels of genetic diversity within the
populations. A number of factors may contribute to these
patterns. First, a mixed mating breeding system allowing for
selfing, as has been shown for Lumnitzera racemosa
(Solomon Raju et al., 2014), could explain low diversity.
Actually, for Lumnitzera littorea, high inbreeding coefficients
have been found, potentially indicating selfing, although Null
alleles could result in a similar pattern (Guo et al., 2021).

Fig. 4. Analysis of isolation by distance in Lumnitzera littorea and Lumnitzera racemosa, with pairwise genetic differentiation
(FST) as a function of Distance Over Water (DOW) (A, B) and distance following surface current connectivity (C, D). For each
species, we tested for IBD for all populations (All), and separately for two subsets after classifying populations into clusters
(Cl1, Cl2) according to their population‐level membership proportions at K= 2. In (C, D), additionally, the results for a partial
Mantel test are reported, testing the effect of surface current connectivity on genetic differentiation after taking into account
the effect of DOW.
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Second, strong demographic bottlenecks due to the
instability of their habitats (Kado et al., 2004), deforestation
and habitat fragmentation (Basyuni et al., 2012), heavy metal
pollution (Manurung et al., 2017), and first‐comer effects
during the founding phase of the populations can lead to low
diversity at the population level. Lastly, gene flow into
established populations, that is, seed and pollen dispersal,
needs to be low to keep populations at a low level of
diversity. Mangrove propagules encounter challenges right
after getting released from their mother trees, as they
quickly lose viability and tend to have low germination rates,
as generally observed in most backshore species (Clarke
et al., 2001), including Lumnitzera spp. (Yong et al., 2004;
Solomon Raju et al., 2014; Perera et al., 2019). Previous
studies report that the period of L. littorea propagule
germination varies between 44 (Yang et al., 2016) and 3
days (Perera et al., 2019), with a low rate of germination due
to the reduced viability of the orthodox seeds caused by
seawater dispersal. Moreover, Perera et al. (2019) reported
that seeds are often without embryos, and even if they bear
embryos, some of them fail to germinate, suggesting that
they are dormant or nonviable. Similarly, in L. racemosa,
reduced seed viability in seawater was reported (Tomlinson
et al., 1978; Yong et al., 2004). In addition, following a day of
floating, the buoyancy rate of the propagules was reduced
from 100% to 75% (Wang et al., 2019). Thus, limited effective
seed dispersal capacity and low immigration rates into
already established populations may also contribute to the
low population diversity.

4.2 Phylogroups and the Sunda–Wallacea biogeographical
pattern
The Indonesian Archipelago has a complex geological and
biogeographical history and encompasses parts of Sunda and
Wallacea. Wallacea was always isolated from Sunda mainland
without any direct land connections during the last
glaciations. Moreover, the ITF, one of the strongest water
currents worldwide, separates Wallacea from Sunda.
Together, the historical isolation and the barrier effect of
strong currents have imprinted species distribution patterns
and intraspecific patterns in marine organisms (e.g., Barber
et al., 2002; Wainwright et al., 2018), including mangrove
species (e.g., Wee et al., 2014; Guo et al., 2016, 2018a, 2018b,
2021). For both Lumnitzera species, here, we found a deep
split into two intraspecific groups, which was shown by each
of our analyses. Does this intraspecific split into phylogroups
coincide with Wallace's line? For L. littorea, the distribution of
the two groups largely matched the Sunda–Wallacea
separation in that the two clusters were by far the dominant
groups in either Sunda or Wallacea, the western phylogroup
dominating in Sunda and the eastern phylogroup being
confined to Wallacea. This pattern was corroborated by a
significant AMOVA explaining about 50% of genetic variation.
In contrast, in L. racemosa, the two phylogroups were
distributed into two loosely confined northwestern and
southeastern areas. Here, both phylogroups occurred West
and East of Wallace's line, which had no significant
explanatory power.
Recently, Guo et al. (2021) presented a phylogeographic

study across the species range of both species, but sparsely
covering the Indonesian Archipelago. Similar to our study,

they identified two main haplogroups in both species that
were distributed in the West (Indian Ocean) and the East
(Pacific Ocean) of the distribution range, respectively. Using
our dense sampling scheme from Indonesia, we, therefore,
hypothesize that the western and eastern phylogroups of L.
littorea could be part of the “western LL” and “eastern LL”
groups, respectively, of Guo et al. (2021). Also, for L.
racemosa, although the pattern in the Indonesian Archipe-
lago was complex, our northern and southeastern clusters of
L. racemosa are suggested to represent their “western LR”
and “eastern LR” groups, respectively. Thus, while on the
species level, both taxa are deeply divided into two
phylogroups originating in Sunda and Sahul, specific patterns
emerged in Wallacea as their intermediate region. In L.
littorea, the eastern phylogroup dominates in Wallacea, while
in L. racemosa, phylogroups were mixed. Thus, there is both
evidence for (in L. littorea) and against (in L. racemosa) a
match of intraspecific phylogroups and Wallace's line.
Clearly, given the existence of two phylogroups, the complex
geological, climatic, and hydrogeographical conditions and
stochastic dispersal events may have affected population
structure within and among the phylogroups in species‐
specific ways, even more so considering biological differ-
ences among species, for example, in seed viability and
habitat.
Looking at possible reasons for the different structuring

patterns of the two Lumnitzera species in Wallacea, the
following picture emerges. In both species, an IBD pattern
was found. However, in L. littorea, only the larger red cluster
showed a significant IBD pattern. As we state in Section 3.4,
this is likely due to the low sample size of the yellow cluster.
Using sea surface currents (instead of DOW) as a predictor of
genetic differentiation revealed similar results, with overall
significant correlations in both species, and significant
relationships within clusters only for L. racemosa, but not
for L. littorea. While the differences found between the
species could be a result of different sampling sizes (14
populations were sampled for L. littorea, 21 populations for L.
racemosa), there are also some ecological differences
between the species that could contribute to the different
results observed, for example, through unequal chances of
establishment after successful dispersal. While propagules of
L. littorea are supposed to be capable of longer‐distance
traveling across the open ocean than L. racemosa, establish-
ment of plants and new populations may be impeded in
comparison to L. racemosa (Guo et al., 2021 and references
therein). First, L. littorea prefers areas with less saline and
infrequent inundation at the landward margin, which are less
easily reachable by propagules floating from the sea, and
second, seeds are prone to heavy embryo abortion and
insect‐mediated damage, reducing the change of successful
germination, even if suitable habitats were found (Solomon
Raju et al., 2014; Tomlinson, 2016; Perera et al., 2019).

4.3 Limited mixture among phylogroups and populations by
sea surface currents
Surface sea currents play an essential role in dispersing (Van
der Stocken et al., 2019) and connecting mangroves
throughout the intertidal zones (Wee et al., 2014; Van der
Stocken et al., 2019). In this context, complex patterns of
seasonal surface sea currents need to be distinguished from
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temporally stable deep‐water currents, in particular, the ITF.
While the latter connects the Western Pacific and the Indian
Ocean and coincides with Wallace's line, seasonal, weather‐
driven surface currents likely are more important for
dispersal of the buoyant seeds of mangroves. The well‐
known sea surface currents that flow during the Northwest
(NW) Monsoon (January to March) and the Southeast (SE)
Monsoon (May to November) have evolved over the past
35 kyr as part of the monsoon system in Indonesian seas (Liu
et al., 2020) and generate dynamic seawater movements
across the Indonesian Archipelago (Gordon et al., 2003;
Fallon & Guilderson, 2008; Sprintall et al., 2019). In particular,
they connect East and West and partly run northward into
the Makassar Strait, therefore making Wallace's line
permeable (Wainwright et al., 2018).
In Lumnitzera littorea, we found a Sunda–Wallacea

biogeographical pattern, but no perfect separation of
phylogroups by Wallace's line. This pattern is also nicely
represented at K= 3. We suggest that gene flow between
Sunda and Wallacea in L. littorea populations could
potentially have erased an earlier geographical history. A
recent study from Wainwright et al. (2018) reported a similar
pattern, where only one of two seagrass species was
genetically differentiated across Wallace's line. In L. race-
mosa, there was no clear Sunda–Wallacea pattern, indicating
that whatever large‐scale phylogeographical pattern may
have existed in the past has been wiped out by a mixing of
gene pools. In particular, at K= 5, a mixture of different
clusters from the West (Sunda) and South (Lesser Sunda)
was observed in the Banda Sea. The Banda Sea is known as a
sea‐water reservoir during the NW Monsoon (Fallon &
Guilderson, 2008). During this time, sea currents move
southward from the North Pacific, passing through Makassar
Strait directly into the Banda Sea (Fig. S7), facilitating gene
flow between populations in the Banda Sea. Oceanic
circulation patterns are considered a vital, unseen force
promoting population subdivision despite maintaining gene
flow, as found in Rhizophora mucronata in Southeast Asia
(Wee et al., 2014). In our study, genetic discontinuity in L.
racemosa was detected between the West (North Sumatra)
and the Lesser Sunda region. Although the Lesser Sunda
region is the channel for the three main outflow passages,
namely, Lombok Strait, Ombai Strait, and Timor Passage
(Gordon, 2005; Sprintall et al., 2019), contradictory to our
expectations, we did not observe more individuals from the
northwestern phylogroup in this area. Populations on Lesser
Sunda are distinct from most of the populations, indicating
that this region has only limited genetic exchange with the
northern populations, for example, southern Sulawesi.
While the two phylogroups of both species reflect

evolutionarily ancient patterns, the within‐group structure
is affected by more recent history. In both Lumnitzera
species, a much clearer pattern of isolation by distance was
found within the phylogroups. This indicates that while
mixing among the phylogroups is a highly stochastic event,
within phylogroups, a gene flow–drift equilibrium is
maintained (Whitlock & Mccauley, 1999). This in turn
indicates that the underlying unifying and diversifying
processes, such as seed dispersal and population bottle-
necks, have been acting more recently. In our IBD analyses,
both sea current connectivity and geographic distance

explained population differentiation similarly well. This
underlines the highly stochastic nature of seed dispersal
even if sea currents are explicitly considered (Barber
et al., 2000).

4.4 Conclusions
This study has shown that the two species of Lumnitzera share a
pattern of two phylogroups with broadly Western and Eastern
distributions in South East Asia. However, species‐specific
patterns emerged in the Indonesian Archipelago and particularly
in Wallacea, the intermediate area between the Sunda and Sahul
biogeographic domains. The species differed in the degree of
mixing of phylogroups in Wallacea, with a dominance of the
Eastern phylogroup and little mixing in L. littorea, and
pronounced mixing of phylogroups in L. racemosa. Only in L.
racemosa were sea surface currents strong enough to wipe out
the geographical history of the Indonesian regions during the last
glacial period. Thus, despite the omnipresence of seawater and
complex sea surface currents, mangroves as marine plants with
seawater‐dependent seed dispersal have limited and species‐
specific seed dispersal capacity. Nevertheless, our study showed
that sea surface currents have shaped the contemporary
distribution of genetic diversity and population structure of
Lumnitzera mangroves in Indonesia. Further comparative studies
are needed to identify the underlying processes that lead to the
different patterns of large‐ and small‐scale distribution and of
genetic structure between the two species, for example, seed
viability (Perera et al., 2019; Wang et al., 2019) or habitat
structure. Overall, our study contributes to a growing body of
literature suggesting that both land barrier effects and ocean
currents contribute to the observed genetic discontinuities found
in mangrove species (Guo et al., 2016, 2018a, 2018b) and that
differential limitations in dispersal capabilities may lead to
contrasting phylogeographic patterns even between very closely
related and equally distributed species (Guo et al., 2018a, 2021).
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Supplementary Material
The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
12923/suppinfo:
Fig. S1. Cross‐validation error analysis of the ADMIXTURE
analysis (A, C) and BIC values of k‐means clustering used

during DAPC (B, D) for K = 1 to 15 for Lumnitzera littorea and
L. racemosa. Red dots and lines indicate the minimum values.
Fig. S2. Barplots of the ADMIXTURE (A) and the DAPC (B)
analyses of 14 populations of Lumnitzera littorea. Each bar
represents an individual, and each color is the inferred
membership in each of the K groups (2 to 6).
Fig. S3. Barplots of the ADMIXTURE (A) and the DAPC (B)
analyses of 21 populations of Lumnitzera racemosa. Each bar
represents an individual, and each color is the inferred
membership in each of the K groups (2 to 7).
Fig. S4. Population level membership proportions of
Lumnitzera littorea according to the ADMIXTURE analyses
for K = 1 to 6 based on 3,122 SNPs.
Fig. S5. Population level membership proportions of
Lumnitzera racemosa according to the ADMIXTURE analyses
for K = 1 to 7 based on 3,048 SNPs
Fig. S6. Test for “isolation by Wallace's line” using a Mantel
test. Population pairs separated by Wallace's line had
distance = 1, while pairs on the same side had distance = 0.
Fig. S7. Mean surface current movement in the study region
based on Marine Copernicus GLORYS12V1 velocity fields for
2015. A. Northwest Monsoon (January to March) and B.
Southeast Monsoon (May to November). The red dots on the
maps represent the sampled localities. Maps were created
using cartopy v0.20.1.
Table S1. Numbers of sequences obtained and numbers of SNPs.
Table S2. Nei's (1978) pairwise genetic distances (FST)
between populations of Lumnitzera littorea in the Indonesian
Archipelago. For population information see Table 1.
Table S3. Nei's (1978) pairwise genetic distances between
populations of Lumnitzera racemosa in the Indonesian
Archipelago. For population information see Table 1.
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